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I. Introduction: A Brief History

Sustainable energy research has been growing steadily since the turn of the millennium
with several fields receiving significant funding including solar, wind, water, nuclear, and fuel
cell technologies. Within the fuel cell research field the biofuel cell is being investigated for
several applications utilizing enzymes found within living organisms as the catalyst for electrical
energy output. The reason for using biocatalysts is that they are inexpensive, operate at room
temperature, the fuel is readily available and inexpensive, and they are renewable.' The
enzymatic fuel cell (EFC) field first gained significant footing in the 1960s when research teams
made the leap from using full microbial biofuel cells to using isolated enzymes for energy
conversion.' There were several significant problems with these new cells that have since
become research areas of interest for several engineering laboratories. After several decades of
further development, the last ten years have focused on a few specific research thrusts. The
overall goal is to create an enzymatic fuel cell that is stable, has a significant lifetime and outputs
useful amounts of energy.3
11. Enzymatic Fuel Cells: The Basics

Fuel cells operate by converting chemical energy to electrical energy through a catalyst
that releases electrons for electrical current. EFCs use enzymes as the catalyst, co-opting a
natural process that happens within biological organisms for use in non-biological processes.
This is an interesting concept as in its most basic formulation researchers are attempting to
emulate how the human body converts sugar into energy. EFCs are also attractive energy options
because the enzymes are fairly easy to produce and widely available making them inexpensive.
The fuels are also easy to attain and inexpensive being made of basic sugars and aliphatic

' Ramanavicius et al. 2005. p. 1963.

* Yahiro et al. 1964.
3 Shah

et al. 2011.

alcohols such as glucose, fructose, ethanol, methanol, etc. The basic operation of EFCs is shown
below in Figure 11.1.

Figure 11.1: Basic Enzymatic Fuel Cell
The chemical reactions that occur within an enzymatic fuel cell convert the potential
chemical energy into electrical energy as shown below for a glucose EFC.
C6H120,

+ H 2 0 + C6HI2o7 2H' + 2e(anode reaction)
0, + 2 H + + 2e- + H,O
(cathode reaction)

Several configurations of these fuel cells have been constructed to obtain the best power
output possible, and these will be explored in greater depth within this review. There are basic
categories that should be parsed out here to avoid classification confusion. The most basic
structural consideration is the difference between microbial fuel cells and enzymatic fuel cells.
Microbial fuel cells utilize an entire organism with the intact enzyme pathway to create current,
while EFCs use isolated enzymes.

Another distinction is the difference between mediated electron transfer (MET) and direct
electron transfer (DET). Electrical
connection with the enzyme can be a
problem and has traditionally been
overcome through the use of mediators in
MET to facilitate the electrons movement
between the enzyme and electrode. With
DET, the electrons must travel through the

Figure 11.2: Direct Electron Transfer vs.
Mediated Electron ~ r a n s f e r ~

substrate unassisted from the site where
the electrons are released on the enzyme to the electrode. Often mediators perform this
movement better than solo electrons, and therefor mediators can increase electrical connection
between enzyme and electron facilitating better performance. A visual of these processes can be
seen below in Figure 11.2.~
Common mediators are generally organometallic complexes or organic dyes immobilized
on the e l e ~ t r o d eHowever,
.~
mediators present several problems for fuel cell performance
including thermodynamic loss, mediator desorption from electrodes creating crossover reactions,
and loss of device simplicity.6Due to these issues, DET is an attractive alternative, and was
accomplished for the first time in 2006 with a bioanode made of glucose oxidase (GOx) and
biocathodes made of either laccases (LACS) or bilirubin oxidase BOD).^ DET performs the
same oxidation process with the enzymes7 active site having sufficient electrical connection with

"Biofuel Cell," Biomems, The University of California Irvine, 2015.

4

Minteer et al. 2007b. p. 288.
Kano et al. 2007. p. 1794.
Minteer et al. 2007b. p. 288.

'

the electrode without a mediator. However, the power outputs of DET fuel cells are generally not
comparable to the performance of MET fuel cells.8
Other distinctions arise from the architecture of the specific cells being tested, including
what bioanode enzymes, biocathode enzymes, fuel, immobilization, cell configuration, and
environmental conditions are used. The variety of fuel cells in the current literature is without
question, but this has become a problem as a single testing platform has yet to be defined as a
basis for comparison.9 l o Furthermore, limited tests of EFCs have been performed in variable
humidity and temperature leaving the question of the applicability outside of the lab and in nonphysiological conditions in doubt.
111. Enzymatic Fuel Cells: Major Research Thrusts

One research area is focusing on the best materials for biological fuel cells to assist with
stability of power output, immobilization of enzymes, and electron transfer." This broad topic
leads into a specific research area of immobilization techniques, methods to keep the enzymes in
the correct orientation for electrical "connection". Electron transfer can be hindered by the
structure of the enzymes, as the active area needed for the oxidation is sometimes difficult to
reach. By immobilizing the enzymes, EFC lifetimes have increased to several weeks instead of
only hours. These techniques have also increased stability of the fuel cells, experiencing smaller
drops in power density throughout operation than previously recorded. Shah et al. completed a
thorough breakdown and table summary of the advancements in immobilization techniques in
their review on the recent progress made in biofuel research.I2

Kano et al. 2007. p. 1794.
Leech et al. 2012. p. 26.
l o Minteer et al. 2007b. p. 288
I ' Minteer et al. 2012.
12 Shah et al. 2011.

Another significant research thrust is miniaturization of enzymatic fuel cells, which has
gained interest as realistic applications for EFCs became apparent. The low power densities and
open circuit voltages (OCV) point to a narrow range of uses including biomedical devices, small
consumer electronics, and small defense applications. These needs are best met with nanoscale
devices, and several laboratories have been pursuing this objective. In pursuit of the best
performance, research groups have tested several different anodic enzymes, cathodic enzymes,
and materials with various immobilization techniques or miniaturization schemes.I3
In the expanding field of EFC work, there is a lack of focus on environmental testing and
water management during operation, both essential factors in the future use of these fuel cells in
environments outside of pristine laboratory conditions. This testing is important due to the nature
of enzymes. Enzymes are chains of amino acids that form into complex structures through
bending and warping when exposed to specific environments or other enzymes. When operating
within the ideal conditions including a delicate pH balance, amount of substrate, and
temperature, enzymes function at peak performance. However, if these conditions become
unfavorable, the enzymes can deform and lose performance, and in extreme conditions the
enzymes break and lose all functionality, called denaturing." The band of environmental
conditions in which the enzymes within EFCs can operate at peak performance is narrow, and
the range in which operation is viable at lower performance is not completely understood. To
demonstrate the need for exploration into the viability of using biofuel cells in environments of
varying temperature and humidity, a review was conducted of the current literature dealing with
performance of EFCs with special attention paid to testing environments.

" Nishizawa et al. 2007.
14

p. 53.

"Temperature Effects on Enzyme Activity," Florida State University, 2015.

1V. Fuels and Bioanodes
For this review, the current literature is broken down by what fuel and anodic enzyme are
used in the oxidation process. Several performance parameters will be assessed in addition to the
EFC materials and structure. One parameter recorded is power density, which is a unit of power
per area and usually represented for EFCs in either pW ~ mor' mW
~ ~ m -The
~ . second
performance parameter is OCV measured in Volts, V, which represents maximum voltage at
zero current, or in other words the fuel cells full potential value without a load present. The
stability and lifetime of the EFC will also be shared if this is a main point of the research teams
efforts. These parameters are measured in percentage power density drop throughout a lifetime
for stability, and a measure of time for lifetime. Furthermore, the environmental conditions are
relayed if there is any available data. Most research teams give pH levels and temperatures.
1V.a. Glucose

The most common fuel used for EFC's to date is glucose, which is oxidized with glucose
oxidase (GOx), glucose dehydrogenase (GDH), and cellobiose dehydrogenase (cDH).'~GOx is
the most widely used, but GDH has been explored also because oxygen is not its natural electron
receptor as is the case with GOx. This is important because this receptor would attract the
electrons that would otherwise go to the electrode hampering performance. CDH is the least
researched, but is promising because it can oxidize more than just glucose, also releasing
electrons from disaccharides such as lactose.I6 Each of these oxidants has promise for different
applications and further research is needed to determine the best performance from each.

'5

Freguia e t al., 2012. P. 167.

16Vidakovic-Koch et al. 2010. p. 808.

IV.a.1. Glucose Oxidase

The current work being done using GOx as the anode catalyst mostly deals with enzyme
immobilization strategies as well as how to deal with unwanted reactions with dioxygen
products. Power outputs have been attained that point to potential applications for these EFCs in
medical, environmental, or military applications."
There has been difficulty in implementing DET using GOx due to the responsible
catalyst, flavin (FAD), being hard to reach.'* Progress has been made with immobilization
strategies using carbon nanotubes (CNT) or genetically modified enzymes.19Even so, true DET
can be elusive as the electrical connection might be coming from natural mediators making the
process technically MET. Another problem to overcome with the GOx reaction is dioxgyen
reduction into hydrogen peroxide, which can dampen power output.20This has been mitigated in
some cases by adding a second enzyme to the anode such as catalase (CAT) that reacts with
dioxygen. Several research teams are working on these problems and using GOx to produce
promising power

result^.^'

A French research team, Zebda et al. had success in 20 10 using GOx demonstrating high

power densities of up to 1.3 mW

and open circuit voltage (OCV) of 0.95V at room

temperature. Using multi-walled carbon nanotubes (MWCNT) to connect the GOx electrically
with the electrode without using a redox mediator, the team was able to maintain stability for up
to one month. The biocathode was made of laccases (LACS) that were immobilized using the
same method. The EFC was tested consistently in conditions of pH 7 and 20°C with different
fuel solution molarities. This environment can be considered "ambient" lab conditions. Another
"Kim et al. 2014. p. 35.
e t al. 2012.
I y Ibid. p. 194.
20 Willner et al. 1999.
21 Vidakovic-Koch et al. 2010. p. 808
18 Shleev,

environmental test was done in physiological conditions (0.005 mol 1-' glucose, pH 7) with a
power density of 1 mW cm" and similar stability of up to 1 month."
Another recent development was made in 2013 by Hussein et al. in Germany where an
MET EFC utilizing GOx was tested using ferrocene redox polymer on a glassy carbon support.
The biocathode was made of bilirubin oxidase (BOD) and immobilized using diammonium salt
(ABTS). In physiological conditions (37"C,

0 2

saturated buffer of 5mM glucose) this set up

produced a power density of 26 ,uW cm-2and OCV of 0.550 v . ~ ~
A group out of Poland, Bilewicz et al. has also been working toward successful
implementation of EFCs with single walled (SW)CNT GOXICAT bioanodes and LACS with
biphenylated SWCNT at the cathode. In 2013 the group reported power densities of 60 pW ~ r n - ~
and OCV of O.5V. This output was increased to power densities of 2.1 mW cm-2and OCV of
4.8V when three biobatteries were connected in series. The environmental conditions these EFCs
were tested under were ambient temperatures and two different solutions of pH 5.2 (Mcllvaine
buffer) and pH 7 (phosphate buffer).24
A joint research effort between universities in South Korea and the United States was
undertaken in 20 14 by Kim et al., also using GOx and LAC. This team focused on the
immobilization of enzymes with polyaniline nanofibers (PANF) on the electrodes, employing
three different methods to test electrical connection made and stability maintained from each
setup. By far the most successful method was enzyme adsorption, precipitation and crosslinking
(EAPC) for both GOx and LAC, showing significantly higher activity rates and longer lifetimes.
This method attaches the enzymes to the PANF's through an intricate process of introducing the
crosslinking agent to a solution with PANF's and LAC enzymes, shaking the solution at specific
22
23
24

Zebda et al. 20 10.
Hussein et al. 2014.
Bilewicz et al. 2014

time intervals and frequencies, then washing the PANF's "excessively" and re-shaking to
complete reactions. Using EAPC, both DET and MET (using 1,4 benzoquinone (BQ), and ABTS
as the mediators) were tested at room temperature. The DET produced a maximum power
density of 3.1 pW cm-2and OCV of 0.34 V. The MET had higher outputs of 37.4 pW cm-2and
OCV of 0.5 V. These EFCs were tested at both room temperature and at 4OC for 28 days at a pH
of 7.0 (anode) and 6.5 (cathode). After 28 days, the power density maintains 54% of its value at
room temperature and 70% at ~ o c . ' ~
IV.a.2. Glucose Dehydrogenase

GDH is a promising alternative to GOx because it does not react with the dioxygen
created during the oxidation process allowing for high functioning membrane-less EFCs. GDH
reacts instead with nicotinamide adenine dinucleotide (NAD) which bonds strongly with the
enzyme heightening DET performance.26Unfortunately, NAD is soluble and therefore cannot be
used in conditions where solubility is an issue, such as implanted medical devices.27To
overcome this solubility problem, a specific GDH enzyme that is pyrroloquinoline quinone
(PQQ) dependent instead of NAD dependent, has been explored and is even more reactive with
glucose than GOx. Unfortunately, PQQ-GDH has some stability issues as well as only operating
in specific

substrate^.^' However, research is continuing in the area to test genetic modifications

of GDH and PQQ-GDH to overcome some of these challenges.29Mutagenesis of the GDH
enzyme has displayed two times the power output in comparison to GOx oxidation and these
results point to a need for more research using this bioanode.)'

" Kim

et al. 2014.
Bilewicz et al. 2014. p. 264
Vidakovic-Koch et al. 2010. p. 808.
Vidakovic-Koch et al. 2010. p. 837.
29 Sode et al. 2004.
30 Leech e t al. 2012.p. 228.
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Another interesting development involving GDH deals with microfluidics and EFC
structure. A team out of Japan, Nishizawa et al. developed a MET EFC out of GDH with an
intermediary enzyme, diaphorase (Dp) with vitamin K-modified poly-L-lysine mediators (PLLV K ~ / D ~ / G D H )These
. ~ ' mediators allow for a better electrical connection between the electrode
and the GDH enzyme. The biocathode was made of BOD. The research interest for this group
was to study the cell performance due to the electrode configuration and fluidic channel size. The
group found that the upstream cathode reacted with the dioxygen before reaching the anode
allowed for a cleaner fuel consumption and reaction at the downstream anode. Also, it was
shown that the power density was much higher for a cell with a smaller fluidic channel height.
These tests were done at room temperature and pH 7 using various flow rates.32
IV.a.3. Cellobiose Dehydrogenase

The third enzyme that has been researched extensively for use with glucose is CDH,
which differs from GOx in structure as it contains a heme domain in conjunction with the FAD
domain. This heme section allows for more efficient DET with the electrode in an E F C . CDH
~~
research exhibits promise in conjunction with the progress mode with GDH and GOx to find the
highest performing glucose fueled EFC. The current research points to greater stability and better
electrical connection as good signs for future development.
Research conducted in several labs across Europe has produced high performance from
DET EFCs with an immobilized CDH anode and LAC or BOD cathode. This cell was tested at
several different pHs and at ambient temperature, with the optimum found to be pH 5. The
maximum power density recorded was 5 pW cm'* with an OCV of 0.73 V. These cells were also

" Nishizawa

et al. 2007. p. 4670.
Nishizawa et al. 2007.
33 Shleev et al. 2008. p. 6093.
32

considered stable with a half-life of around 38 hours, and the team speculated that this could be
improved through anchoring the enzymes to the electrodes."
Several of the same researchers continued CDHIBOD fuel cell development in hopes of
operating a miniaturized fuel cell within physiological conditions for medical applications. The
team was able to operate the cell at maximum power densities of 4 pW cm" and OCV of 0.58V
in physiological conditions as compared to 3 pW cme2and 0.62V in phosphate buffer at room
temperature. It was acknowledged the cell works best at pH 4.5, an acidic level as CDH works
optimally at this value. Also, the lifetime of this fuel cell is quite short, less than 6 hours. The
team suggests utilizing current methods of covalent bonding of the enzymes as well as
immobilization techniques to produce better re~ults.'~
One indication that CDHIBOD fuel cells can be improved with these techniques is the
new work on immobilization of the enzyme published in 2013 in which gold nanoparticles
(AuNP) were used to electrically connect electrodes and enzymes effectively. Furthermore, the
fuel cell was tested in physiological conditions (cerebrospinal fluid) as well as being tested
within a rat brain with the AuNP electrodes implanted in the cortex. The power density reported
from this set up was 2 pW cm-2and the OCV was 0.54 V. This is an exciting new development,
as it shows real potential for use in a self-powered implanted bio-device.36
1V.b. Fructose

Researchers have explored fuels other than glucose in an attempt to find EFCs of higher
power outputs or stability. One such fuel is fructose, which can be oxidized by fructose
dehy drogenase (FDH).

Shleev et al. 2008.
Shleev et al. 2010.
36 Andoralov et al. 20 13.
34
'j

A research team out of Japan, Kano et al. developed and tested a he1 cell using FDH in

2007. Their objective was to create a DET EFC with a power density of at least 1 mW cm-' with
no separator. The team chose FDH as it is easily immobilized on Ketjen black (KB) particles
attached to carbon electrodes. For the cathode, BOD and two types of LACS (Rhus, Rv and
Trametes, Ts) were used. Using this set up the team reported maximum power densities of 850
pW cm" and OCV of 0.41 V, not quite reaching their goal. These maximum outputs were
recorded at temperatures between 23 and 27°C and at pH 5. BOD and RvLAC both catalyzed up
to pH 7, while TsLAC exhibited lower outputs and did not catalyze in neutral pH. The stability
of the cells was questionable with a 37% loss in maximum power after 12 hours. However, four
cells in series kept a red LED in operation for 60 days. The team believes that with better
immobilization of the enzymes, better power and stability will be attained.37
Another team out of the United Kingdom worked with DET fuel cells utilizing FDH as
the anodic enzyme and BOD as the cathodic enzyme. This team points to the stability of their
DET fuel cell as a substantial advance despite the lower power densities. In an attempt to
prolong stable lifetimes the team used a cellulose-MWCNT matrix for immobilization of the
enzymes. This was a strategy built off of the results of several immobilization efforts throughout
the proceeding five years.38 Using this setup in a buffer of pH 5.0 at room temperature, the
maximum power density obtained was 126 pW cm-2with a OCV of 0.663 V. This performance
was sustained over time with 60% of initial current density at the cathode and 80% at the anode
at 45 hours of operation, and only a 10% further loss at 160 hrs. Also, the fuel cell was tested in
storage at 4OC for 40 days and the anode sustained 90% power while the cathode had 50%

" Kano
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et al. 2007.
Katz and Willner 2004 and Zhou et a12009

operation. This performance demonstrates the viability of this immobilization technique for
relatively stable DET with the weak link being the BOD cathode.19
1V.c. Alcohols

Another fuel source that can be utilized in EFCs are alcohols including ethanol,
methanol, and glycerol. Ethanol is created from starches such as corn, wheat, potatoes, etc., and
is already used commercially in combustion as a renewable fuel. Alcohol dehydrogenase is most
active with ethan01.~'Methanol is widely available and has been used successfully in proton
exchange fuel cells. Glycerol is also a good option for research as it exhibits high energy density
in comparison to the other aliphatic alcohols and glucose.41Several research teams have explored
using anodes that oxidize these alcohols with different immobilization strategies for best
performance.
In 2004 Minteer et al., out of St. Louis tested both ethanol and methanol as fuel with
several combinations of MET enzymes including alcohol dehydrogenase (ADH) and aldehyde
dehydrogenase (AldDH) for ethanol oxidation and formaldehyde dehydrogenase and formate
dehydrogenase for methanol oxidation. The redox mediator used for these fuel cells is
polymethylene green, which effectively catalyzes NAD. This fuel cell had a traditional platinum
(Pt) cathode. The best performance of an ethanol fuel cell immobilized with
tetrabutylammonium bromide (TBAB) in a Nafion membrane, had only a 18% decrease in power
after 30 days of continuous use in a pH of 7.5 at 20°C. This setup utilizing both alcohol and
aldehyde dehydrogenase had a maximum power density of 2.04 mW cm" and OCV of up to 0.62

V. The methanol-based fuel cells in the same environmental conditions exhibit power densities
averaging 1.55 mW ~ mwith
- ~OCV of up to 0.71 V. This is a large improvement over power
Wu et al. 2009.
Minteer et al. 2004. p. 2523.
4 1 Vidakovic-Koch et al. 20 10. p. 806.
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outputs of previous methanol EFC attempts in the literature and is due to the
immobilization techniques
In 2005 the same group explored the ethanol biofuel cell further using ADH and AldDH
as the anodic enzyme like before, but this time BOD was used as the cathodic enzyme to create a
fully enzymatic fuel cell. The enzymes were again immobilized using Nafion with
polymethylene green and NADH and NAD redox mediators. The environment for the tests was
room temperature (ranging from 20°C - 25°C) at pH 7.15 producing a maximum power density
of 0.46 mW ~ m ' This
~ . fuel cell proved to be remarkably stable with a lifetime of 30 days with
only a 20% drop in power, and the setup remains active for up to 90 days.43
Ranta et al. from Finland, experimented in 2006 with a methanol fueled MET cell using
methanol dehydrogenase (MDH) for the anodic enzyme and potassium permanganate at the
cathode. The mediator deployed to assist the enzyme reaction was tetramethyl phenylenediamine
(TMPD), which maintained stability for up to two weeks. This mediator stability was the main
limiting factor to creating power with a half-life between 5 and 10 days. The resulting cell
performed relatively well with a power density of 0.25 mW cm-2and OCV of 1.4 V in room
temperature at pH of 9-9.5.44
In 2007 another alcohol based EFC was tested out of the same St. Louis laboratory using
glycerol as fuel and PQQ-ADH and PQQ-AldDH as anodic enzymes. These enzymes were
immobilized used trimethyloctylammonium bromides (TMAO) in a Nafion membrane, which is
especially effective with glycerol at 98.9% concentration. Using this TMAO it was found that
these high fuel concentrations could be used in a Nafion membrane without creating catastrophic
swelling of the anode. The cathode was made of 20% Platinum on Vulcan XC-72 making this
Minteer e t al. 2004.
Minteer et al. 2006.
44 Ranta e t al. 2006.
42
43

fuel cell not completely enzymatic. At 20°C, the power densities shown by these fuel cells
reached 1.21 mW cm-2with OCV of up to 0.73 V in pH of 7.15. This experimentation was seen
as a success as it managed to utilize 86% of the energy density of glycerol using multi-step
oxidation.45
Another group out of Lithuania worked on ethanol based EFCs in 2008 using
immobilized quino-hemoprotein (QH) ADH for the anode and alcohol oxidase (AOx) and
microperoxidase (MP-8) as the cathodic enzymes. At room temperature and pH 6, the fuel cell
resulted in a maximum power density of 1.5 pW cm-*and an OCV of 0.240 V with a half-life of
25 hours. The group conceded that this is an extremely small power output and low stability.
They postulated use for this type of EFC in self-powered biomedical devices once a few kinks
were worked out. Some strategies suggested included strict orientation of enzymes, use of LACS,
or AuNP immobilization techniques.46
lV.d. Enzyme Cascades

To fully utilize the energy present for conversion within fuel, enzymatic cascades have
been researched to increase power output by full oxidation of fuel. Enzymes in nature often
occur as part of a chain, fully oxidizing the fuel through this successive chain of reactions with
products of one reaction becoming reactants of the next. To utilize the entire chemical potential
of the fuel, researchers have attempted to use these chains in a cascade. The first attempt was
made in 1998 by Whitesides et al. to fully oxide methanol using three dehydrogenases. Another
example of an enzyme cascade was given above with the ADH and AldDH enzyme oxidation of
glycerol. Other research has been done to try to recreate enzymatic processes that occur

45
46

Minteer e t al. 2007a.
Ramanavicius et al. 2008.

biologically to produce electrical energy." Enzyme cascades come closer to emulating the actual
reactions with organisms and show promise for high power densities. Some of the simplicity and
stability that has been achieved through EFC research is lost in these cascades, but there is hope
for using these types of EFCs due to higher current and power den~ities.~'
One enzyme cascade, attempted in 2008 was a replica of the citric acid cycle, a natural
process that fully oxidizes ethanol. Six trials were done each with one more type of
dehydrogenase added to the cascade until all six enzymes of a citric acid cycle were present and
immobilized with the TBAB modified Nafion. The cathode was made of Pt making this only half
an EFC. The last trial replicated the entire citric acid cycle with complete oxidation of ethanol
and power significantly higher than was present with only one enzyme. The power density was
an order of magnitude larger when comparing one enzyme, 0.1 16mW cm-', to the entire sixenzyme cascade, 1OlmW cm". These power densities increased up to 24 hours before leveling
and dropping off. Stability of the EFC was unfortunately revealed to weaken with added
enzymes showing a 55% loss in peak power density in 24 hours. All of the tests were done at
room temperature and pH 7.5.49
A lactate based EFC was also tested with enzyme cascades for complete oxidation in
replication of the Krebs cycle. Several tests were completed, adding one more enzyme to the
cascade each iteration, using a platinum and carbon cathode. The single lactose dehydrogenase
(LDH) anodes had a maximum power density of 100 pW cm-' in comparison to the full Krebs
cycle cascade with added LDH having an output of 800 pW cm-'. The research was a success as

Leech et al. 2012.
Leech et al. 2012.
49 Minteer et al. 2008.
47
48

lactate was fully oxidized. Performance of this enzyme cascade was shown to be dependent on
fuel concentration levels at room temperature and pH 7.4.50
Another enzyme cascade was made in 20 12 by an American group using two
dehydrogenases, glucose-6-phosphate (G6P) and 6-phosphogluconate (6PG) to oxidize glucose.
The cathode was made of Platinum and carbon cloth. The enzyme cascade produced a maximum
power density in room temperature conditions of 0.023 mW ~ m -which
~ , was 1.3 times stronger
than the output of one enzyme without the cascade. The cascade was also tested at 50°C at which
temperature the power density increased to 0.322 mW ~ m ' In
~ .effect, the team demonstrated that
using enzymatic cascade strategies could effectively double the energy storage density of the
EFC. Also, running better at higher temperatures, this EFC points toward potential research

possibilities in the use of enzymes with sufficient thermo-stability at sustained elevated

'

temperatures.5
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V. Summary of Current Research

To summarize the results given above, Table 1 has been created including the major
components and performance.
Table 1: Summary of EFC Research

Fuel

Power
OCV
Density
(v)
(~Wlcm~)

Lifetime
Stability

Environment

Research Group

1 month stability

room temperature
pH7lphysiological
conditions

Zebda et al. 20 10

0.55

physiological, 37 "C,
0 2 saturated buffer
with 5mM glucose

Hussein et al.
20 13

60R100

0.514.8

room temperature
pH 5.2 and pH71
three biobatteries in
series

Bilewicz et al.
2014

LAC, PANF,
EAPC

DET 3. 11
MET 37.4

DET
0.341
MET
0.5

room temperature
pH 6.5 and pH 7.01
4 "C

Kim et al. 2014

GDH, PLLVK3, Dp (0.1
mm height cell1
1 mm height
cell)

BOD

2 times
higher
power with
0.1 mm cell
compared
to 1 mm
cell

0.81 0.7

room temperature
PH 7

Nishizawa el al.
2007

CDH

LAC or BOD

5

0.73

half life of 38
hours

room temperature
PH 5

Shleev et al. 2008

CDH

BOD

3.014.0

0.6210.5
8

< 6 hours

room temperature1
physiological
conditions

Shleev et al. 2010

CDH, AuNP

BOD, AuNP

2

0.54

physiological
conditions
(cerebrospinal fluid)

Andoralov et al.
20 13

G6P and 6PG
DHs

Pt, carbon
cloth

231322

room temperature1
50 "C

Zhang et al. 2012

Anode

Cathode

GOx, MWCNT

LAC,
MWCNT

130011000

GOx, ferrocene
redox polmer
on glassy
carbon support

BOD, ABTS

26

SWCNT
with CAT

LAC,
biphenylated
SWCNT

GOx, BQ and
ABTS, EAPC
Glucose

0.95

28 days with 54%
power density left
at room
temperature and
70% left at 4 deg
Celsius

1able 1:

FDH, KB

BOD or
RvLAC and
TsLAC

Summary 01 LF C Keview (cont.)

850

0.4 1

126

0.663

204011550

0.6210'7
1

Fructose
FDH, celluloseMWCNT

Ethanol1
Methanol

ADH and
AldDHlFormal
d h ~ d DH
e and
Formate DH,
polymethy lene
green, TBAB

BOD

platinum

37% loss of
maximum power
after 12 hours,
operate LED lights
for 60 hours
sustained 90%
operation at anode
and 50% of
operation at
cathode at day 40
in 4 degrees
Celsius

room temperature
(23-27 "C)
PH 5

Kano et al. 2007

room temperature
pH 5.01 4 "C

Wu et al. 2009

18% decrease in
power after 30 days
operation

20 "C
pH 7.5

Minteer et al.
2004

20% drop in power
after 30 days, and
still operating at 90
days

room temperature
pH 7.15

Minteer et al.
2006

ADH and
AldDH,
polymethylene
green, Nafion

BOD

460

Methanol

MDH' TMPD

Potassium
permanganate

250

1.4

l4 days'
life
between 5 and 10
days

room temperature
pH 9-9.5

Ranta et al. 2006

Glycerol

PQQ-ADH and
PQQ-AldDH,
TMAO, Nafion

20%
Platinum on
Vulcan XC72

1210

0.73

> 16 hours

room temperature
pH 7.15

Minteer et al.
2007a

0.24

half life of 26
hours, poor
stability not
allowing for long
term operation

room temperature
PH 6

Ramanavicius et
al. 2008

power density
increases up to 24
hours, stability
lowers as more
enzymes are used

room temperature
pH 7.5

Minteer et al.
2008

room temperature
pH 7.4

Minteer et al.
201 1

Ethanol

Lactate

ADH, QH

1 enzyme DH16
enzyme cascade
DHs for citric
acid cycle,
TBAB modified
Nafion
LDH
onlylLDH,
pyruvate, and
other DHs for
Krebs cycle

AOx, MP-8

1.5

Platinum

11611011

20%
Platinum on
carbon

1001800

** room temperature (20°C - 25°C)

As the experiments reviewed above have shown, EFC research has advanced greatly in
the last decades overcoming many of the initial immobilization and stability problems.
Incremental increases in power density have also been achieved and application in biomedical
implants, small consumer electronics or military devices are a realistic goal. However, these fuel
cells are still in the research phase and require further testing and exploration before EFCs are
manufactured. Rather than just reporting the maximums in power density and OCV, these fuel
cells need to be tested for reliability in environments with the variable humidity and temperatures
of real world scenarios. The majority of the recent studies done have only tested the fuel cells at
room temperature that ranges from 20°C - 25°C. Also, the fuel cells are tested in conditions that
maximize power output such as the perfect pH and saturated conditions.
Environmental testing is an integral next step in the research and development of EFCs.
Before environmental testing is undergone the cell must be characterized. For cell structure
characterization as well as preliminary data for cell water management and glucose absorption,
neutron radiography is a good solution. For electro potential characterization cyclic voltammetry
and cell discharge are utilized. The remainder of this paper is devoted to the preliminary round of
neutron radiography results including a imaging objectives, testing results, and data processing.

V1. Overview of Neutron Radiography
Neutron radiography (NR) has been an alternative to x-ray radiography since the 1950s
and 1960s as a nondestructive testing (NDT) technique. Similar to x-ray radiography, a sample is
placed within a low energy neutron parallel beam and attenuates neutrons at a rate corresponding
to the materials present in the sample. The neutrons that transmit through the specimen impinge
on a neutron converter screen (e.g. a scintillator) and create visible light photons that are then
recorded as a 2D image using film or a charge coupled device (CCD). Neutron radiography

provides a complement to x-ray techniques. Neutrons can transmit through heavier elements, but
not light elements making it an imaging technique that allows for new information to be gathered
from samples that cannot be analyzed easily with x-ray or gamma radiography and scanning
electron microscopy. For example the following elements have high neutron attenuation rates:
hydrogen, lithium, boron, as well as some heavier elements like cadmium and gadolinium.s2Due
to the high attenuation rates of hydrogen, imaging of water content is a useful utilization of this
technique.
Sources for NR are in most cases nuclear reactors for experimental as well as industrial
purposes. This makes neutron radiography expensive and time consuming, but the existing
infrastructure at reactors is beneficial. Research toward creating portable particle accelerator
sources is in the works, but these do not have the same flux capabilities of a reactor and therefore
much lower r e s o ~ u t i o nThe
. ~ ~ source used for the EFC characterization in this paper was done at
the High Flux Isotope Reactor (HFIR) Cold-Guide (CG) 1D at Oak Ridge National Laboratory
(ORNL).
While using NR on EFC water management has not been demonstrated, this technique
has been applied to proton exchange membrane (PEM) fuel cells to good effect. For example, a
research group in Germany, Hartnig et al. successfully utilized neutron radiography in
conjunction with current density measurements in a PEM fuel cell to link an overabundance of
humidification or lack of thereof with localized electrochemical performance within the cell.
Through this research the limitations of a PEM cell with improper water management
optimization were demonstrated. Material choice and cell design of PEM cells were also
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investigated.54Park et al. also completed a study of water management and performance of PEM
fuel cells using NR. By using neutron imaging this team was able to demonstrate the
accumulation of water during dynamic loading of the cell slows down the cell's reactions
considerably especially at high current density. Using the data from the neutron beam images, a
model for water accumulation prediction was successfully created. 55 These are two examples of
water management analysis using NR, and this method is ripe for use in EFC research due to the
similarities in the structure and electrochemical processes of PEM fuel cells and EFCs.
The reason for choosing neutron radiography for cell characterization can be explained
by the final goals of this research project. When determining the viability of EFCs in conditions
outside of the lab, a major concern is the inability of these cells to perform when the appropriate
water conditions are not maintained. Neutron imaging provides a viable approach to test the
functioning of EFC water management as the neutrons pass through any metal casing of the
electrode as well as the carbon felt holding the enzymes, leaving the fuel solution to attenuate
and show the change in solution over time through extended imaging sessions. By connecting the
cell to a potentiostat during imaging, the current output of the cell can also be mapped to the
changing conditions within the cell observed through the neutron radiographs. Not only can the
changing water conditions of the cell be mapped to current output, but the change in attenuation
rates can also be correlated to a change in glucose concentration levels within the working
electrode. In this way a diffusion coefficient can be determined using the gray scale values of the
images over a discharge period. Furthermore, the chemical activity of the cell can be observed
directly based on regions where glucose fuel is consumed.
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VII. Prototypes for Experiment

Before any imaging could be conducted, the cells were constructed in the lab at UAH.
The half-cell setup evolved from the first cell tested at UAH to the one discharged in the neutron
beam at ORNL, named "cell 18." The range of cells that were constructed can be seen in Figure
IV.2. The list of materials for each cell can be seen in Appendix I. The prototyping included
many changes in cell makeup, and the final cell can be seen in Figure IV.1.
VIII. Testing

Figure 1V.1: Experimental Cell Prototype
VIII. Testing

Before performing in situ neutron studies at ORNL, EFC prototypes were tested at UAH
using a Bio-Logic VSP multichannel potentiostat/galvanostat. It was determined that cyclic
voltammetry (CV) and constant load discharge (CLD) would sufficiently characterize the cells
before in situ imaging. This testing drove the changes within the cell materials, building of the
cell, and the testing process. After several renditions a viable EFC prototype for in situ NR
crystallized.

Figure IV.2: The Evolution of Prototypes
Final Cell Construction: A visualization of the final prototype can be seen in Figure IV. 1. The
final cell was constructed as follows:

1. 2 filter papers sandwiched a carbon thread and silver ink reference
2. Filter paper taped to Teflon support

3. Pre-wetted working electrode and counter electrode placed on top of the filter papers
4. Aluminum current collectors were placed on each of the electrode
5. One layer of Aluminum tape secured the electrodes to the filter paper and Teflon

6. Extra Aluminum tape placed on top of each to prevent evaporation of solution

7. The Materials used included:
o 2 filter papers
o A1 plate current collectors
o Teflon support

o Reference electrode of carbon thread and silver ink
o Aluminum tape
o Working electrode: 114" x 114" x 1" Carbon felt with enzyme ink
o Counter electrode: 118" x 114" x 1" Carbon felt with enzyme ink (x3)
o

Solution: 0.1 M Glucose + 0.01 1gl100mL Hydroquinone solution

Testing Process: As can be seen in figure IV.2 above, the cell was attached to the potentiostat
using alligator clips connected to the two Aluminum plate current collectors and the reference
electrode. Several scripts were used to test the cells while connected, but CV and constant load
discharge (CLD) were the most fruitful. In each test the electrodes are tested against a known
reference electrode.
CV is a cycling of the cell between set voltages, in this case between -0.8 and 0.8 volts,

and measuring the resulting current. The objective is to find the peak potential and corresponding
peak current. With these tests, peak potential was not found, but a relationship between the
certain potentials and currents was established. As shown below in Figure VIII. 1, the CV of cell
9 shows the relationship of a fully operational cell when submerged in solution (a fully hydrated
electrode). For example, this graph shows that at 0.5 V, the cell should output about 0.70 mA
when in ideal environmental conditions.
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Figure VIII.I : CVfor Cell 9 (-0.8 to 0.8)
Next, the cells were discharged at a constant voltage of 0.5 V to examine how long fuel
consumption takes, and how long current is kept at these peak levels. This was done after the cell
was fully saturated in 0.1 M Glucose solution then removed before the discharge run. The cell
was removed from to solution to check how long a full discharge would take when performed in
situ at ORNL. The CLD done on cell 12 is shown below in Figure VlII.2. As expected at 0.5 V,
the current starts at the ideal 0.7 mA, staying between 0.65 and 0.7 mA for 90 minutes before
starting a steady decline for 6.5 hours more before the current reaches 0 mA.

Figure VIII.2: CLDfor Cell 12 (0.5 V )

Several adjustments were made during testing including presoaking the counter electrode
in ethanol to reduce the hydrophobicity of the carbon felt. Another change that was integral to
testing was cutting the solution substantially from a 1 molar glucose solution to 0.1 and 0.05
molar solutions so that discharge took less time. The tests done at UAH prior to in situ studies at
ORNL gave a good working knowledge of EFC construction allowing for flexibility and cell
building on site to address challenges that surfaced during the in situ studies.

IX.Imaging at Oak Ridge National Lab
1X.a. Calibration

Three aluminum cylinders shown in Figure V.A. 1 were filled
with three different solutions:

1. Right Cylinder: Buffer
2. Left Cylinder: 0.05 Molar Glucose Solution

3. Center Cylinder: 0.1 Molar Glucose Solution
Twenty scans of the cylinders with 60-second exposure were

Figure 1XA.1: Calibration

taken for a complete set of data to process. The calibration data
was analyzed to determine the attenuation rates for different glucose molarities. These
attenuation numbers will allow for correlation with the glucose use during cell operation as the
fuel solution is consumed. This analysis includes geometric correction factors to account for any
beam hardening (i.e. preferential absorption of low energy neutrons within the sample) and other
distortions (e.g. neutron scattering, edge effects).
lX.b. In Situ Neutron lmaging during EFC Discharge

One major goal of the experiments performed at ORNL was to discharge a cell while
collecting neutron images and simultaneously obtaining voltage and current data. The goal was

to discern a changing attenuation rate as the cell discharges and potentially correlate the
electrochemical performance of the cell with the attenuation levels.
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Fiqure IXB.l Cell 1 5 CT Dryinq

Several issues were found in the experimental setup throughout the beam time and were
addressed as they arose. These included drying of the electrodes shown in Figure 1X.B.1,
aluminum tape adhesive attenuation, and presoaking the counter electrode in ethanol. Due to
these problems several new half-cell samples were constructed to
successfully discharge in the beam. Shown Below in Figure IX.B.2 is the
series of cells built at ORNL. The cell that was discharged was Cell 18
shown in the experimental setup in Figure IX.B.3. The alligator clips shown
were connected to the reference electrode, counter electrode, and working
electrode.

J

Cell 16

Cell 17

Cell 18

Figure IXB.2 Cells Constructed at Oak Ridge

I

Figure IX B.3:
Cell 18
Experimental
Setup

Cell 18 was constructed as described above. The counter electrode was presoaked in
ethanol for 30 minutes to overcome any hydrophobic tendency. Unfortunately, the discharge of
the half-cell was not allowed to finish due to time constraints, but around 5.5 hours of data was
recorded to give a sufficient trend. This time constraint can be eliminated in the future by using
buffer in the counter electrode instead of fuel as well as reducing the glucose content of the fuel.
The discharge curve can be seen below in Figure 1X.B.5. During the discharge the cell was also
imaged as shown in Figure 1X.B.4.

Fiqure IXB.5: CLD (0.3 V )from Cell 18

Figure IXB.4: Cell 18 Neutron Imaging

The information taken from this experiment in tandem with a CT scan done of Cell 18
will be used to create 3-D reconstructions of the cell. This information used in conjunction with
previous CV and discharge curves characterizes cell behavior and determines any significant
attenuation changes as the cell discharges.
1X.c. Electrode Structure Imaging

Another goal for the experiments was to image the electrode structure in electrodes to
determine differences in used and unused as well as electrodes loaded or unloaded with enzymes.
As can be seen in Figure V.C. 1, this imaging proved successful. Most notably, observation of the

radiographs obtained during rotation revealed that the enzyme containing ink on loaded samples
was concentrated in a thin region within the electrode. With the completed CT scan, a 3-D
reconstruction will be done in an attempt to get a closer idea of the structure of these different
electrodes. This image series brought up the following questions:
1. Are the enzymes less effective
1 : Unloaded used

due to being sequestered on one

2:

Unloaded unused

3,4,5: Used, loaded
6,7,8: Unused, loaded

side of the electrode?
2. Once the electrodes are wetted,
do the enzymes leak out of the
electrode making it less effective
and unsuitable for reuse?

Figure IXC.1: Structure Imaging

3. Once a portion of the glucose
within an electrode crystallizes, does this cause attenuation rates to be unreliable?

4. Would a more uniform distribution of enzyme catalyst within the electrode improve EFC
performance?

X. Data Processing
X.a. Calibration

The gray scale values for each pixel across an arbitrarily chosen y-axis coordinate were
averaged for the 20 images taken, and plotted versus the x-coordinate for each cylinder. Graph
X.a. 1 below shows this plot for the profile y = 1600. Then as described in Kang et

the

chord length for each x-axis coordinate was plotted versus the natural log of the average gray
scale value divided by the 1" coordinate (x = 1) gray scale value. This second plot takes into
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account the cylinders geometry and is shown in Graph X.a.2 below for the profile y = 1600. The
2-sigma error on all the profiles is at worst 3 units, but for all the cylinders the error hovers
between 0 and 1 unit showing a good 95% confidence in the data set.
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Graph X.a. 1: Average gray scale, Profile y = 1600
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Graph X.a.2: Gray Scale with Chord Length, Profile y = 1600

Graph X.a.3 and Graph X.a.4 show the same scheme as above, but averaged across all the
profiles (y = 500, 1000, 1150, 1300, 1450, 1600, 1900). The 2-sigma error on all the profiles is
worst for the center and right cylinders with up to 6-unit 2-sigma error. For the left cylinder the
highest error is 1 unit.

x coordinate

Graph X.a.3: Average gray scale, Average of all profiles
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Graph X.a.4: Gray Scale with Chord Length, Average of all profiles
X.b. Diffusion coefficient

With the changing gray scale values taken from images of the discharging cell within the
neutron beam, a discharge coefficient was calculated using a MatLab script given in Appendix
111. The gray scale values were averaged across each column corresponding to each x-value of an
image. This was done for every image taken each minute during the discharge. Using these gray
scale values as the change in concentration that they represent, and the equation 1 below, a range
of diffusion coefficients throughout the discharge was found. The charge flux was calculated
using the potentiostat readings given in Figure lX.B.5 above.

D

:

diffusioncoefficient

aC : change in concentration (grayscale values)
ax : pixel length
j = current density
z = # of electrons per reaction

F

:

Faraday's constant

As can be seen in Graph X.C.1, the diffusion coefficient is very stable, staying in between
1.Oe-08 and 1.2e-08 after the initial 20 minutes. Graph X.c.2, shows the diffusion coefficient in
relation to the gray scale values dropping over the discharge. If a cell is fully discharged within
the beam, and imaged, mapping the dropping gray scale values back to the glucose concentration
levels determined by the above calibrations is shown to be a viable process.
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Graph X.b. 1: Calculated diffusion coefficient and potentiostat readings of current during
in situ discharge
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Graph X.b.2: Calculated diffusion coefficient and averaged gray scale values of the
working electrode during in situ discharge

XI. Future Research
The first round of neutron radiography work and cell characterization gives a working
knowledge of all the variables needed to do more in situ NR work and gain a full picture of not
only of the performance of the cell under certain water conditions, but also the glucose fuel
consumption rates. With these parameters in place, a full study of the effects of changes in water
conditions and other environmental factors are ready for testing. It is expected that even small
variations in water or temperature conditions will prove catastrophic to the productivity of the
cells. Understanding the nature of the breakdown is possible with further neutron imaging now
that the cell and its performance is characterized and testing process documented.
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Appendix 1: Acronyms

ABTS: diammonium salt
ADH: Alcohol dehydrogenase
AEBS: azinobis ethylbenzothiazoline sulfonate
AldDH: Aldehyde dehydrogenase
BQ: 1,4 benzoquinone CAT: catalase
CDH: cellobiose dehydrogenase
CNTs: carbon nanotubes
DET: direct electron transfer
Dp: diaphorase
EFC: enzymatic fuel cells
FAD: flavin
FC: fuel cell
FDH: fructose dehydrogenase
GDH: glucose dehydrogenase
GOx: glucose oxidase
KB: Ketjen Black
LACS: laccases
LDH: lactate dehydrogenase
MET: mediated electron transfer
MWCNT: multi-walled carbon nanotubes
NAD: nicotinamide adenine dinucleotide
NDT: Non-destructive Testing
NR: Neutron radiography
OCV: open circuit voltage
PANF: polyaniline nanofibers
PLL-VK3: vitamin K-modified poly-L-lysine
PQQ: pyrroloquinoline quinone
Rv: Rhus
SWCNT: single-walled carbon nanotubes
TBAB: tetrabutylammonium bromide
TMAO: trimethyloctylammonium bromides
TMPD: tetramethyl phenylenediamine
Ts: Trametes

Cell
number

Separator

I

filter paper

2

filter paper

3

filter paper

one Cu
wire

4

filter paper

one Cu
wire

5

Nafion 1 17

Al plates

6

Nafion 1 12

7

Current
collector
bundle
wiresCu

wiresCu

Backbone

Reference

Tape

filter paper

none

scotch
tape

filter paper

none

scotch
tape

Ziploc bag
and binder
clips
Ziploc bag
and binder
clips

AglAgCI

tape

AglAgCl

scotch
tape

rubber band

AglAgCl

scotch
tape

Al plates

none

AglAgCI

Al tape

filter paper

Al plates

none

AglAgCI

Al tape

8

Nafion 1 12

Al plates

Teflon

AglAgCI

Al tape

9

Nafion 1 17

Al plates

AgIAgCI

Al tape

10

Nafion 1 17

Al plates

Teflon

AglAgCI

A1 tape

II

Nafion 1 18

Al plates

Teflon

AglAgCI

Al tape

12

filter paper

Al plates

Teflon

AglAgCI

Al tape

13

filter paper

Al plates

Teflon

AglAgCI

A1 tape

14

2 filter paper

Al plates

Teflon

15

2 filter paper

Al plates

Teflon and
electrical
tape
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2 filter paper
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2 filter paper
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Teflon
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2 filter paper
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and
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thread and
silver ink
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silver ink
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thread and
silver ink
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silver ink

A1 tape
Al tape
A1 tape
Al tape

A1 tape

Working
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114" x 114" x 1"
114" 114" 1 v
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enzyme ink
114" x 114" x 1"
114" 114" 1 It
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114" 114" 1 v
Carbon felt with
carbon felt
enzyme ink
'I4" 'I4" I"
114" 114" 1 ll
Carbon felt with
carbon felt
enzyme ink
'I4" 'I4" I"
114" 114" 1 II
Carbon felt with
carbon felt
enzyme ink
'I4" 'I4"
"
1/4M 114" 1
Carbon felt with
carbon felt
enzyme ink
114" x 114" x 1"
114" 114" 1"
Carbon felt with
carbon felt
enzyme ink
114"x 114"x I"
Carbon felt with
Carbon paper
enzyme ink
114" x 114" x 1"
Carbon felt with
Carbon paper
enzyme ink
114" x 114" x 1"
Carbon felt with
carbon felt
enzyme ink
1/4"~1/4"~1"
1/40x1/4Mx1n
Carbon felt with
carbon felt
enzyme ink
114" x 114" x 1"
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enzyme ink
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ll
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IM Glucose
solution

I M Glucose
solution
l M Glucose
solution

I M Glucose
solution
I M Glucose
solution
I M Glucose
solution
1 M Glucose
solution

IM Glucose
solution

I M Glucose
solution

0.5 M
Glucose
solution
0.1 M
Glucose
solution
0.1 M
Glucose
solution
0.1 M
Glucose
solution
0.1 M
Glucose
solution
0.1 M
Glucose
solution
0.1 M
Glucose
solution
0.1 M
Glucose
solution
0.1 M
Glucose
solution

Appendix 111. Matlab script for finding difhsion coefficient
clc,clear,close all
format short
q = 0;
for jello = 1 : 326
if jello < 11
filel =
strcat('E:\HFIRCG1D13227\Dieciocho-converted-normalizecl\Result of Dieciocho
converteclO0CJ',num2str (jello - 1) , '.tif' ) ;
elseif jello < 101
filel =
strcat('E:\HFIRCG1D13?~7\Dieciocho
-converted-normalizecl\Result of Dieciocho
convertedOO', numZstr(jel10 - l),'.iif');
else
filel =
strcat(1~:\~FIP,CG1D13227\Dieciocho~~onverted~ormalized\Result
of Dieciocho
converted~',num2str(jello - l),'.tifl);
end
cypher = imread (filel);

xi
xf
yi
yf

=
=
=
=

1100; ? x direction spatial coordinate
1170;
750; B y direction spatial coordinate
1277;

B logic to crezte matrix of gray scale values

liger

=

1;

for j = yi:yf
int = 1;
for i = xi:xf
neo (liger,int)
the electrode
int = int + 1;
end
liger = liger + 1;
end

=

cypher (j,i) ; 4 % full x~atrisof grayscale values for

for i = l:length(xi:xf)
trinity (i) = sum(neo ( : ,i) ) ; 2 % sum of columns grayscale values
for i = 1:length (xi:xf)
morpheus (itjello) = mean (neo( : ,i) ) ; " A average of columns grayscale
values
end
end
q = q + l ;
end
?4

Korpheus outputs the matrix of grayscale values

each column is an image, there are 326 images
each row is the averages of the grayscale values taken vertically across
the ele,-.trcde,for 71 vertical
Find conzentration coefficient
0.00003458; 4 pixel length in meters
? cllffuslon flux - > J = current/# of electrons per reaction :< Faraday's
constant
, oracle
zeroes (71,326);
const = 96487; ' Faraday's Constant. C/mol
z = 2;
current = [-1.507153-04
-1.477473-04
-1.449073-04
... % this is a 326 row column edited out for space in the paper%
-9.266003-05
-9.260003-051; 2 current from cell discharge within beam line, every minute
? CGH1206 + H2O ? C6H1207 + 2Ht + 2ek 02 + 2H+ + 2.2- ? H2O
J = current/z*const;
for i = 1:71
for j = 1:326
oracle(i,j) = (J(j)/(morpheus(i,j))*dx);
j = jtl;
end
i = itl;
end
,?

dx

=

for j = 1:326
tank(j) = mean(oracle(:,j));
end
for j = 1:326
dozer(j) = mean(morpheus(:,j));
end

